ABSTRACT Cementitious waste forms (CWFs) are an important component of the strategy to immobilize high-level nuclear waste resulting from plutonium production by the U.S. Department of Energy (DOE).
, the most stable form of technetium under aerobic conditions. 8, 9 For soluble contaminants such as TcO 4 - , because Tc(IV)
how low solubility and readily sorbs to the grout matrix. 9, 11 Reducing conditions used in actual CWFs take advantage of this decreased leachability to create a more effective waste form. 6, 11 A previous research study showed that although TcO 4 -is reduced to Tc(IV) in reducing grouts, the degree of reduction varied with experimental conditions. 1 4 In some cases, TcO 4 -was initially reduced to Tc(IV) but was later oxidized. Two species, NO 3 -and O 2 , are present in large quantities in or around
CWFs and are potentially capable of oxidizing Tc(IV) to . Whether NO 3 -or O 2 is responsible for oxidizing Tc(IV) has a profound effect on the behavior and immobilization of technetium in CWFs.
Oxidation by NO 3 -or O 2 produces two very different scenarios for the speciation and leaching of technetium from reducing CWFs. If NO 3 -is chiefly responsible for the oxidation, Tc(IV) would be oxidized throughout the entire CWF increasing the leachability of 9 9 Tc in the entire volume of the waste.
In this scenario, the rate of oxidation of Tc(IV) to TcO 4 -would depend only on the reaction rate and the concentration of the reactants.
The scenario involving oxidation by O 2 is more complicated. In this case, diffusion of O 2 into the CWF would result in the formation oxidized surface region that would have greater technetium leachability.
However, the leachability of technetium in the bulk of the waste would be unchanged since it would remain Tc(IV). As shown by Smith and Walton, the thickness of the oxidized region depends mainly upon N m and the reductive capacity of the CWF. 1 5 Using typical parameters for reducing CWFs, the thickness of the oxidized region is small compared to the dimensions of the CWF, and oxidation by O 2 is less of a concern than oxidation by NO 3 -.
Therefore, the primary concern raised by the rapid oxidation of Tc(IV) species observed in the previous study was that NO 3 -rather than O 2 was responsible for the oxidation. Such rapid oxidation of Tc(IV) by 4 NO 3 -would mean that all of the initially reduced technetium in actual CWFs would be quickly oxidized back to . In this paper, the evolution of 9 9 Tc speciation in a series of grout samples both sealed and unsealed and with and without NO 3 -was followed for an extended period by X-ray absorption fine structure (XAFS) to determine whether NO 3 -or O 2 was responsible for oxidizing Tc(IV) species in these grout samples.
Experimental
Procedures Caution: 9 9 Tc is a b- ). 1 6 UV-visible spectra were obtained using an Ocean-Optics ST2000 spectrometer.
All operations were carried out in air. Water was deionized, passed through an activated carbon cartridge to remove organic material and then distilled. All other chemicals were used as received. The grout samples examined here are similar to those previously used for the study of chromium reduction in reducing grout samples and are similar to Saltstone, the CWF used to immobilize low activity waste at the Savannah River Site. 11, 17 The dry cement consisted of 46% Type F fly ash, 46% BFS, and 8% Portland cement. 1 7 The fly ash, BFS, and Portland cement are those used by the Savannah River Saltstone facility, and were provided by C. A. Langton. Two series of grout samples were prepared.
The first series was prepared using solutions with and without NO 3 -and NO 2 -as shown in Table 1 . To the waste simulant was added TcO 4 -(0.02 mmol, 0.1 mL, 0.2 M NH 4 TcO 4 ), which was then reduced with Na 2 S (0.21 mmol, 0.1 mL, 2.1M Na 2 S) in 1 M LiOH forming a very dark solution with a black precipitate.
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The dry cement mixture was added forming a slurry that was placed in a polystyrene (PS) cuvette, which was capped and closed with vinyl tape and sealed inside two thin-walled polyethylene (PE) bags. This first series of samples will be referred to as "unsealed samples", and the final composition of the waste solution after addition of the TcO 4 -and Na 2 S solutions is listed in Table 1 .
The second series of samples was prepared analogously to the first. To the waste simulant was added TcO 4 -(0.012 mmol, 0.30 mL, 0.039 M NaTcO 4 ) and an oxidized Na 2 S solution in 1 M LiOH (0.065 mL), which formed a dark solution with a black precipitate. The dry cement mixture was added, forming a slurry that was placed in an acrylic cuvette that was sealed with a plug of epoxy and further sealed inside two heavy-walled (PE) bags. This second series of samples will be referred to as "sealed samples", and the final composition of the waste solution after addition of the TcO 4 -and Na 2 S solutions is also listed in Table   1 . Samples A and C were opened after 26 months and placed in loosely capped jars that were opened weekly. Sample B remained sealed throughout the experiment. The reductive capacity of the BFS was determined using a slightly modified version of the Angus and Glasser method. XAFS spectra were acquired at the Stanford Synchrotron Radiation Laboratory (SSRL) at Beamline 4-1 using a Si(220) double crystal monochromator detuned 50% to reduce the higher order harmonic content of the beam. All 9 9 Tc samples were triply contained inside sealed polyethylene vessels. X-ray absorption spectra were obtained in fluorescence yield mode using a multi-pixel Ge-detector system. 2 1 The spectra were energy calibrated using the first inflection point of the Tc K-edge spectrum of TcO 4 -adsorbed on
Reillex-HPQ TM anion exchange resin defined as 21044 eV. To determine the Tc K-edge absorption energies, the energies of the Tc K-edges at half height were used. EXAFS data analysis was performed by standard procedures 2 2 using the EXAFSPAK suite of programs developed by G. George of SSRL as previously described.
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The X-ray absorption near edge structure (XANES) spectra were fit using the spectra of TcS x , TcO 4 -, and TcO 2 •2H 2 O as standards. The fitting was done using the code "fites" developed by C. H. Booth. 2 4 The fit used 4 parameters and the XANES spectra had 19 independent data points (8 eV resolution).
The determination of the thickness of the oxidized region in samples exposed to atmosphere was carried out using the probability of detecting an X-ray photon from within a sample as described by Tröger et al. , respectively, and were determined from the elemental composition of CWF given by Serne, et al.
Results and Discussion
As discussed in the experimental section, two series of cement samples, "sealed" and "unsealed" were prepared. The speciation of technetium in these samples was determined using XAFS as the samples aged over a period of 4 years.
EXAFS studies of initial technetium speciation.
A prerequisite for investigating the long-term behavior of technetium is identifying which technetium species are present. While it is obvious that TcO 4 -will be present under oxidizing conditions, 1 6 the species present in grout under reducing conditions are less obvious. The hydrous Tc(IV) oxide, TcO 2 •xH 2 O, results from the reduction of TcO 4 -in the absence of other ligands both in solution and in grout samples. 14, 26 In addition, sulfide, either added to the grout as Na 2 S or BFS, reduces TcO 4 -to a lower-valent technetium sulfide species thought to be similar to TcS 2 . 1 4 Interestingly, the reaction of sulfide with TcO 4 -in alkaline solution is a known route to Tc 2 S 7 , 2 7 which is generally believed to be the technetium species present in reducing CWFs. 15,27 While these results appear to be contradictory, the inconsistency is largely due to the Tc(VII) oxidation state implied by the stoichiometry of Tc 2 S 7 . If Tc 2 S 7 is not actually a Tc(VII) sulfide complex but a lower-valent disulfide complex, no contradiction exists between these previous studies. Although Tc 2 S 7 is generally assumed to be a Tc(VII) compound, this assumption has never been examined. To identify the technetium sulfide species present in reducing grouts, the Tc K-edge EXAFS spectra of the unsealed samples were examined shortly after they were prepared. Only these samples contained a single technetium species. All other samples, including these samples at later times, contained more than 8 one technetium species. The unsealed samples initially had identical Tc K-edge EXAFS spectra, as shown in Figure 1 . The parameters derived by fitting the spectra, listed in Table 2 , are also comparable.
Therefore, in addition to containing only one technetium species, all of these samples contain the same technetium species, which will be termed TcS x . The structure of TcS x , derived from EXAFS and shown in Figure 2 , yields a stoichiometry of Tc 3 S 2 (S 2 ) 4 or Tc 3 S 1 0 , which is almost identical to that determined for Tc 2 S 7 prepared under similar conditions, TcS 3.2
Since the conditions used to prepare these samples are analogous to those used to prepare Tc 2 S 7 , it seems likely that TcS x is actually Tc 2 S 7 . However, the technetium centers in TcS x are clearly not heptavalent. As 2 3 Consequently, the technetium sulfide species present in reducing containing grouts, TcS x , appears to be Tc 2 S 7 as previously suggested; 15,27 however, the technetium centers in TcS x are tetravalent in agreement with the previous XAFS analysis. 1 4 Evolution of technetium speciation determined by XANES spectroscopy. The speciation of technetium in the grout samples was determined by least squares fitting of the XANES spectra using the XANES spectra change as shown in Figure 3 , which also shows the deconvolution of the XANES spectrum of an aged sample. As is clear from the figure, the agreement between the fit and data is excellent for the unsealed samples. The mole fraction of TcO 4 -in these samples is reported in Table 3 and shown in Figure 4 as a function of the age of the sample. The scatter of the data shown in Figure 4 is much greater than the error in the measurement and is believed to arise from the spatial inhomogeneity of the technetium speciation in these samples. The origin of this inhomogeneity will be discussed later. Unfortunately, this large degree of scatter results in a correspondingly large standard deviation in the rate of oxidation of Figure 5 and reported in Table 4 . The quality of the fit is not as good for these samples as it was for the unsealed samples; however, the errors are small. Unlike the unsealed samples, the sealed samples appear to be spatially homogenous since very little scatter is present in the fraction of TcO 4 -in these samples and the fraction of TcO 4 -varies little among the samples until samples A and C were exposed to air. The large increase in the amount of TcO 4 -observed in samples A and C at 26 months is due to exposure of these samples to atmosphere at 22 months; sample B remained sealed. As in the unsealed samples, the presence of NO 3 -has no observable effect on the speciation of technetium. The data from both series of samples show that TcS x in grout is unstable towards oxidation. As noted previously, both NO 3 -and O 2 could oxidize the lower-valent technetium species present in these grout samples. Since the presence of NO 3 -had no significant effect on the rate of oxidation of technetium in these samples, atmospheric O 2 is the likely oxidizing agent. This is also consistent with the spatial inhomogeneity of the technetium speciation present in the unsealed samples. The technetium speciation in the unsealed samples was initially homogenous: all of the technetium in each sample was present as TcS x .
However, as atmospheric O 2 diffused into the sample, TcS x in the grout near the unsealed top of the cuvette was oxidized, while TcS x further down in the sample remained reduced. Therefore, XANES experiments would reveal a different technetium oxidation state depending upon whether grout near the top of the cuvette was examined (TcO 4 -) or grout near the bottom was examined (TcS x ). The scatter of the data in Figure 4 is consistent with this spatial inhomogeneity of technetium speciation combined with the fact that the portions of the cement examined using XANES were randomly chosen.
The premise that O 2 is the actual oxidizer is strongly supported by the results from the sealed samples illustrated in Figure 5 . 
The thickness of the oxidized region formed in the initially sealed samples after exposure to atmosphere can be determined using a variation of the method used to calculate X-ray self-absorption developed by
Tröger, et al. 2 5 The observed 40% increase in TcO 4 -content over 4 months corresponds to the oxidation of the outer 0.28 mm of the sample. This thickness can be compared with the thickness of the oxidized region determined using the model developed by Smith and Walton, which is based upon an oxidized region formed by the diffusion and reaction of O 2 with the reduced species in CWFs. 1 5 In this model, the , but a similar C red since Saltstone is prepared from the same BFS used to prepare the grout samples. , the thickness of the oxidized region would be 17 cm after one 9 9 Tc half-life (213,000 yr), and after ten half-lives, the oxidized region would be 53 cm thick. For comparison, the dimensions of a Savannah River Saltstone cell are 30.5 m ¥ 30.5 m ¥ 7.5 m. 7 Therefore, approximately 4% of the technetium in the waste form would be oxidized after one 9 9 Tc half-life, and approximately 14% would be oxidized after ten half-lives based on the assumption that oxidation occurs at the top and bottom of the Saltstone cell. Cracking and flow of surface water through the CWF could greatly increase these numbers and the leaching of TcO 4 -by effectively decreasing the size of the Saltstone cell to the intercrack spacing, 7, 8 so this discussion is intended only to illustrate the difference between oxidation by O 2 , which produces an oxidized surface region with an increased D eff ( 9 9 Tc), and oxidation by NO 3 -, which would result in an increased D eff ( 9 9 Tc) throughout the entire volume of the waste. All of the results in this study indicate that the oxidation of Tc(IV) species in these grout samples is due solely to O 2 , and NO 3 -has no observable effect on the speciation of technetium in these samples. While these results do not show that NO 3 -is unreactive towards Tc(IV) in reducing grouts, this reaction occurs too slowly to be observed in this study.
